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L-Cysteine (Cys) capped CdTe quantum dots (CdTe@Cys QDs) were successfully synthesized in an aqueous
medium. The synthesized CdTe@Cys samples were analyzed using Fourier transform infrared (FT-IR)
spectroscopy, ﬂuorescence (FL) spectroscopy, transmission electron microscopy (TEM), confocal micros-
copy and subsequently subjected to the antibacterial test. Systematic investigations were carried out for
the determination of optimal conditions namely the ratios of Cd:Te, CdTe:Cys, pH value and the chemical
stability of CdTe@Cys. Moreover, the reactivation of FL intensity in the CdTe@Cys sample was done easily
by the addendum of Cys. The introduction of additional cysteine to the CdTe@Cys QDs sample showed an
enhancement in terms of the FL intensity and stability along with the reduced antibacterial activity. This
was further conﬁrmed through Thiazolyl blue tetrazolium bromide (MTT) assays. Both the result of the
bio-stability tests namely the antibacterial test and MTT assay displayed similarities between the exter-
nally added Cys and cytotoxicity of the bacteria and human HeLa cancer cell lines. Confocal microscopic
images were captured for the CdTe@Cys conjugated Escherichia coli.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Generally, quantum dots (QDs) are referred to as the zero-
dimensional colloidal crystals that possesses strong size depen-
dence and multi-colored luminescence properties [1,2] along with
its intrinsic features, such as the sharp and symmetric emission,
photostability and high quantum yields. Owing to these inherent
inimitable properties, QDs play a vital role in various avenues
namely the identiﬁcation of the chemical moieties [3], clinical
diagnostics [4–9], optoelectronics [10,11], bio-imaging and bio-
sensing [12–19].
QDs are chemically unstable and have poor solubility in water
and due to these deﬁcits it was not preferred for biomedical appli-
cations. But it associates the promising features needed for the bio-
medical studies and hence, a number of attempts were put forth, to
make it water-soluble. Primary works relied on the usage of differ-
ent thiol stabilizers to promote the water solubility and chemical
stability in the water phase. The thiol linkage serves as the protec-
tion layer to the core and thus prevents it from surface oxidation.Thus, the solubility of the QDs in water can be enhanced. Thiols
are often sorted as the ideal choice for the modiﬁcation of QDs
due to its facile functionality [20]. A wide variety of quantum dots
are available namely cadmium selenide (CdSe), cadmium sulphide
(CdS), zinc sulﬁde (ZnS), etc., [21,22]. The syntheses of these mate-
rials require high temperature, non-aqueous medium and possess
low efﬁciency. These discrepancies can be rectiﬁed using cadmium
telluride (CdTe) QDs as they are expected to show a high ﬂuores-
cence efﬁciency and good stability [2]. In order to obtain an opti-
mum quantum efﬁciency the following stabilizers are used
namely mercaptoacetic acid (MAA), glutathione (GSH) and thio-
glycerol (TGA) [23,24]. Few of the works reported the toxicity of
CdTe QDs in relation to the metal ions and stabilizers used for its
synthesis [25–31]. Hence the toxicity level of the stabilizers has
to be considered as a very important factor for biomedical applica-
tion, where the best choice is conﬁned to the low toxicity. Recent
studies relied on the preparation of CdTe using cysteine as a surfac-
tant [32,33]. L-Cysteine (Cys) is a simple amino acid that possesses
the thiol(-SH) group and two other active functionalities (NH2,
COOH) which is considered to be the essential component of
human metabolism and enzyme reactions. Speciﬁcally, the pres-
ence of thiol group functions as a nucleophile and thus makes
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during the alteration of the disulﬁde bond [34]. Yang et al.
attempted the direct labeling of Escherichia coli (E. coli) using CdTe
QDs by the following treatments namely chloroform–SDS, lyso-
zyme–EDTA and osmotic shock and, the results obtained showed
an enhancement in the sensitivity [35].
Our present work is based on the synthesis of Cys capped CdTe
QDs in an aqueous medium for labeling the cell and the reactiva-
tion of FL intensity using additional Cys. Li et al. also reported
the recovery of FL intensity of CdTe to its initial level by the addi-
tion of Cys [36]. But our research differs from the other reported
works in many aspects. Herein, we carried out a systematic inves-
tigation on the inﬂuence of the additional Cys to CdTe@Cys in the
facet of biomolecular protection. The results obtained proved the
optical superiority of the adopted technique. Addition of Cys to
higher concentration signiﬁcantly improved both the stability of
bacterial communities and FL intensity of CdTe@Cys QDs. Further-
more, the reactivation of the CdTe@Cys QDs resulted in a mitigated
activity of CdTe in the antibacterial test. Along with the lower cyto-
toxicity, reactivated CdTe@Cys QDs labeled E. coli were found to be
more adequate. MTT assay was carried out for the determination of
the cytotoxicity of reactivated CdTe@Cys to HeLa cells. The results
derived out of the study proved the complementary evidences for
its strong implication as a novel labeling method. Thus it will have
a promising future and give an unprecedented insight by the way
of an efﬁcient labeling of cell using QDs.2. Experimental
2.1. Reagents and materials
Tellurium powder, sodium borohydride (NaBH4), cadmium
chloride (CdCl2), L-Cysteine, ethylenediaminetetraacetic acid
(EDTA), phosphate buffered saline (PBS) were obtained from
Sigma-Aldrich (USA) of analytical grade. Lysozyme from chicken
egg white of molecular biology grade was obtained from Sigma–
Aldrich Chemical. Sucrose of ACS reagent grade for microbiology
was obtained from Fluka. Deionized distilled (D.I.) water was
obtained from a Milli-Q water puriﬁcation system. All other chem-
icals and solvents used for the QDs synthesis were purchased from
Deahan Co. (Korea) and are used as such without further puriﬁca-
tion. Luria–Bertani agar plates were obtained from Difco (USA).Fig. 1. (A) The infrared spectra of L-Cysteine (a) and L-Cysteine capped-CdTe (b). (B) Effe
1:0.24:x. Concentrations of Cys were (a) 2; (b) 4; (c) 6; (d) 8, respectively.Filter paper discs were purchased from Toyo Roshi Kaisha, Ltd.
(Japan). MTT assay kit was purchased from Biosesang (Korea).
2.2. Preparation of CdTe@Cys QDs
The synthesis of CdTe QDs was carried out in accordance to an
earlier reported procedure [37,38] and it consisted of two steps. In
the former step, 30 mg of CdCl2 was dissolved in 100 mL of D.I.
water in a three necked ﬂask, and to it added 363 mg of Cys care-
fully under ultrasonication. The resultant solution was adjusted for
the desired pH using 1 M NaOH solution under vigorous stirring.
On the other hand, Te precursor solution was prepared using Te
powder and NaBH4. Typically, 20 mg of Te powder was mixed with
30 mg of NaBH4 in a vial bottle with 0.6 mL D.I. water. Then the vial
bottle was sealed with a rubber stopper and heated at 50 C for
30 min. This process resulted in the generation of, NaHTe activated
solution and it was withdrawn using a syringe. In the latter step,
Cd2+ precursor solution was heated to 100 C approximately; at
this point the prepared Te2 precursor solution was injected into
the Cd2+ precursor solution. The mixture was subjected to reﬂux
at different reaction time interval in order to control the optical
properties of the CdTe QDs. After completion of reaction the mix-
ture was brought down to ambient temperature. Then the precip-
itation of the CdTe QDs were done using iso-propanol and
subjected to centrifugation at 4000 rpm. The puriﬁcation process
was repeated several times using iso-propanol/water. Finally, the
product obtained was dried overnight at 80 C and thus yielding
the desired product namely, CdTe QDs.
2.3. Reactivation of CdTe@Cys QDs
Recovery of ﬂuorescence intensity to its initial level using Cys
was previously reported by Li et al. [36]. Our experimental work
was built on this platform with slight modiﬁcations. Samples of
the as-prepared CdTe@Cys and Cys were prepared at different
molar ratios viz 1:1, 1:2, 1:3, and 1:4. Then, the mixtures were sub-
jected to sonication at room temperature for duration of 5 min. The
FL intensity of reactivation states of CdTe QDs was analyzed.
2.4. Characterization techniques
Fluorescence spectra of QDs were recorded using a spectroﬂuo-
rometer (FP-6500, Jasco, Japan) at an excitation wavelength ofct of Cys concentration on the emission intensity. The molar ratio of Cd:Te:Cys was
Fig. 2. (A) Chemical stability of CdTe@Cys QDs prepared at various pH. (B) Inﬂuence of additional Cys on the FL intensity of CdTe@Cys QDs. (The molar ratio of CdTe@Cys
QDs:additional Cys was 1:x.) (a): original CdTe@Cys QDs without additional Cys. molar ratios of additional Cys were (b) 1; (c) 2; (d) 3; (e) 4, respectively. The inset gives an
image of the adding Cys solutions under UV lamp (before and after).
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using a FT-IR spectrophotometer (FT/IR-6300, Jasco, Japan). Trans-
mission electron micrographs were captured using a ﬁeld emission
transmission electron microscope (JEM-2100F, JEOL, Japan) at
200 kV. Fluorescence microscopic images were taken using a Laser
scanning confocal microscope (FV10i, Olympus, Japan). Relative
absorptivity of the cells were observed using UV–vis spectroscopy
(Bio Tek, USA).2.5. Evaluation of antibacterial activity
Antibacterial activities of the synthesized compounds were
determined using disc diffusion methods [39]. Primarily, a 100 lL
suspension of E. coli IMSNU 10080 (ATCC 10798) (1.5  108 CFU/
mL) was subjected to inoculation in a Luria-Bertani (LB) agar
plates. Then the ﬁlter paper discs (6 mm) were placed over the
inoculated plate, and to it added 15 lL of the compounds, and
incubated at 37 C for 24 h.2.6. Bacterial treatment and QDs labeling
E. coli cells were washed twice with phosphate buffer solution
(pH 8) and was treated using Lysozyme–EDTA [35,40]. TheFig. 3. Schematic representation depicting the reactivation steps of CdTe@Cys on addi
strengthened FL intensity.prepared cells were resuspended in buffer A (20% sucrose, 0.03 M
Tris–HCl, EDTA 10 mM, pH8). After 10 min of incubation at room
temperature, cells were resuspended by lysozyme (the sample of
a ﬁnal concentration were 2 mg/mL) followed by incubation at
37 C for 20 min. Then the sample was centrifuged at 10,000 rpm
for 1 min and washed twice with buffer B (50 mM Tris–HCl,
0.5 M sucrose, pH 8). Finally, E. coli cells were resuspended in buf-
fer C (50 mM Tris–HCl, pH 8) and then mixed thoroughly with the
prepared QDs. After shaking at room temperature for 4 h, the cells
were washed twice with buffer C.2.7. In vitro cell viability
Cell viability was checked by the standard MTT assay with
slight modiﬁcations to the earlier reported procedure [41]. Brieﬂy,
the cells were grown in 96 well plates at 37 C in a humidiﬁed
atmosphere of 95% air/5% CO2. After the treatment of the extra
Cys at various concentrations, thiazolyl blue tetrazolium bromide
was added to each well containing the cells (ﬁnal conc. 0.5 mg/
mL) and incubated for 2.5 h. Dimethyl sulfoxide was added to sol-
ubilize the blue MTT-formazan product and the sample was incu-
bated for further 30 min at room temperature. Absorbance of the
solution was recorded at a wavelength of 550 nm.tion of Cys. (A) Bare Cd2+ ions and (B) Bare Cd2+ ions/additional Cys showing the
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3.1. Characterization of CdTe@Cys
3.1.1. Structural properties
Fig. 1A depicts the FT-IR spectra of free Cys (a) and CdTe@Cys
QDs (b). The peaks observed for the CdTe@Cys QD sample at an
intensity of 1549 cm1 (asymmetric stretch) and 1304 cm1
(symmetric stretch) corresponds to the presence of COO group.
Another band located at 2900 cm1 corresponds to the C–H
stretching vibration (asymmetric, symmetric) of Cys in CdTe@Cys
QDs. The band located at approximately 3286 cm1 and
3330 cm1 can be assigned to the N–H stretching. Also, the peak
around 1598 cm1 can be correlated to the N–H bend since Cys
has an amine group [36,42]. The absence of the peak at
2550 cm1 conﬁrmed the formation of Cys capped-CdTe QDs. It
indicates S–H stretches (symmetric) and thus conﬁrming the
formation of covalent bonds between thiols group and Cd2+ ions
on the surface of CdTe QDs.3.1.2. Inﬂuence of molar radio and acidity on the optical properties
The Emission spectra were recorded for determining the opti-
mized molar ratios of Cd:Te:Cys and the pH value. Fig. S1 depicts
the emission spectra of CdTe@Cys QDs sample which show a
strong dependence of FL intensity against the change in Te2+ molar
precursor solution while the concentrations of Cys and Cd2+ were
ﬁxed to be 4 and 1, respectively.
The higher degree of QDs luminescence can be correlated to the
presence of excessive cadmium monomers in the initial stage of
nanocrystals growth [43]. The intensity of PL showed a steep
increase with increasing concentration of Te2+ and the further raise
in Te concentration leads to a decrease in intensity. When the
molar concentration of Te2+ was 0.24, the FL intensity reached
maxima. The presence of excess Te2+ paved the way for oxidation
and in-turn attached itself to the surface of QDs. This resulted in
the appearance of defects on the QDs surface which in-turn dimin-
ished the FL intensity of CdTe.
The surfactant plays a pivotal role in the synthesis of CdTe QDs,
and henceforth the molar concentration of the surfactant was opti-
mized by maintaining the ratio of precursors (Cd:Te) as constant.
The maximum FL intensity of CdTe was observed, when the molar
ratio of Cd:Te:Cys was maintained to be 1:0.24:4, at a ﬁxed Cd:Te
(1:0.24), as shown in Fig. 1B. A further increase in Cys concentra-
tions to 6 and 8 give rise to the red shift in the emission peak. This
may be attributed to the presence of excessive Cys molecules,
which impede the formation of CdTe QDs and ﬁnally afﬁx itselfFig. 4. Antibacterial activity of additional Cys introduced CdTe@Cys QDs on E. coli
cells (a–g: 0.09, 0.18, 1.8, 18, 54, 90, 144 ng/mL of additional Cys and h: control
group).to the Cys and/or Cd2+on the CdTe QD surface. A recent report by
Omoho’s group portrays the QDs of Te2+-rich surface, where a
lower quantum yield was observed than that of the Cd2+-rich sur-
face. This may be ascribed to the density of uncoordinated Te2+
ions that gives rise to the process of hole-trapping [44].
Another important parameter to be considered in the aqueous
media synthesis of quantum dots is the pH value as it controls both
the emission wavelength and PL quantum yield. Three different pH
values namely pH = 4, 8 and 11 were chosen for the synthesis of
CdTe@Cys QDs and their PL spectra, shape and size were studied
in detail. The pH value of precursor solution of as-prepared QDs
samples was controlled by 1 N NaOH solution. This experiment
gave a strong evidence for the inﬂuence of pH in determination
of the maximum emission wavelength of CdTe@Cys QDs. A com-
plete depletion in the PL emission intensity was observed at a pH
value as lower as 4 or at a higher pH value of 11. But, at the pH
value of 8, emission intensity was considerably strong (results
not shown). Transmission electron micrograph (TEM) reveals the
complete proﬁle of the particle size and the state of aggregation
of Cys capped CdTe QDs, and is shown in Fig. S2. There are translu-
cent gray areas for the surfactant of organic Cys on the edge of
particles. The average particle size of CdTe@Cys QDs was about
5 nm with a good particle size distribution.
3.1.3. Fluorescence stability of CdTe@Cys QDs
In order to extend the application of CdTe@Cys QDs to bio-
labeling studies, a systematic investigation of FL intensity at vari-
ous times for the CdTe@Cys QDs prepared at various pH [45] was
carried out in a phosphate buffer saline as medium (Fig. 2A).
The intensity of PL was decreased to a formal arc shape for pris-
tine CdTe@Cys QDs in the absence of PBS. At a pH value of 6, the FL
intensity of PBS that contains CdTe@Cys QDs was almost quench-
ing, and a gradual aggregation of nanoparticles was visualized.
Few of the researchers have reported, the absence of aggregation
at a pH value of 8 [46]. The brightest FL intensity was found within
this range. The quenching patterns of CdTe@Cys QDs in PBS (pH 7)
were in analogue to that of pristine QDs; however a weaker FL
intensity was noted. At a pH value of 8, the decrease in FL intensity
was noted after an hours’ duration. But after an interval of 2 h, an
enhancement in the intensity was observed when, compared to
that of the original intensity of the unmingled QDs. After 24 h,
the FL intensity of CdTe@Cys in PBS at pH 6–7 and pristine
CdTe@Cys were almost quenched. However at a pH value of 8, FL
intensity of CdTe@Cys in PBS was found to be higher than that of
pristine CdTe@Cys. Therefore, further experiments were preceded
using PBS dispersed CdTe@Cys prepared at a pH value of 8.
3.2. Reactivation of ﬂuorescence in CdTe@Cys QDs
3.2.1. Inﬂuence of additional Cys on FL intensity of CdTe@Cys QDs
The surfactants play a signiﬁcant role in protection of the sur-
face and core from oxidation and subsequent degeneration. Few
of the notable surfactants are TGA and mercaptopropionic acid
[20]. Recent reports revealed the possible recovery of FL intensity
of CdTe QDs to its initial level by the addition of Cys [36]. There-
fore, we investigated the efﬁcacy of supplemental Cys on
CdTe@Cys by the addition of Cys solutions at different molar ratios
and the FL intensity was recorded. However, we inferred that the
addition of Cys to the CdTe@Cys QDs resulted in a steep increase
of FL intensity when compared to that of the as-synthesized
CdTe@Cys QDs (Fig. 2B and Fig. 3).
Additionally, we observed the change in color for the additional
Cys introduced CdTe@Cys QDs sample even with the naked eye
under visible light. A further increase in the amount of Cys led to
the red shift which is notable by the peak value of the emission
spectra of additional Cys-introduced CdTe@Cys QDs. The FL
Fig.5. Fluorescence confocal micrographs of untreated and more Cys treated E. coli. Images of untreated E. coli (A) ﬂuorescence images excited at 525 nm. (B) Bright ﬁeld
images and (C) Overlaid micrograph of A and B. Images of additional Cys treated E. coli (D) ﬂuorescence images excited at 525 nm; (E) bright ﬁeld images and (F) overlaid
micrograph of D and F.
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optimization after 5 min when the ratio of CdTe@Cys:Cys was ﬁxed
to be 1:1.
3.2.2. Photoluminescence stability of additional Cys introduced
CdTe@Cys QDs
Systematic photoluminescence stability was studied for the
additional Cys introduced CdTe@Cys samples. Typically, ﬁve sam-
ples were prepared with various molar ratios of CdTe@Cys QDs
to supplemental Cys, namely 1:1, 1:2, 1:3, and 1:4 along with
the pristine sample as reference. The stability of pristine and addi-
tional Cys introduced CdTe@Cys QDs were evaluated by analyzing
its FL intensity at various time intervals from 5 s to a week at pH 8
in PBS medium. It can be clearly observed that FL intensity of
CdTe@Cys QDs rose steeply with increasing concentration of addi-
tional Cys. But, in the case of pristine CdTe@Cys QDs sample the FL
intensity was substantially quenched after 1 h. Fig S3 depicts the FL
intensity of additional Cys introduced CdTe@Cys samples in which
it showed an instant recovery and thus contributes to the increased
intensity after a time period of 2 h. But, it dwindled after a days’
time. In the case of samples with the ratios of 1:3 and 1:4, the FL
intensity was observed to be stronger even after a week.
3.3. Application
3.3.1. Effects of the additional Cys to CdTe@Cys QDs on antibacterial
activity and in vitro cell viability
The antibacterial effects were evaluated by the addition of Cys
and the role of excessive Cys was predicted in the case of Esche-
richia coli (E. coli) cells. Fig. 4, depicts the efﬁciency of the
CdTe@Cys QDs towards the execution of bacteria. However, there
is a decrement in the antibacterial activity with an incremental
concentration of additional Cys (sample a–h in Fig 4). Cytotoxiclevel of E. coli was completely eliminated at a Cys concentration
of 18 ng/mL. Hence, the survival of E. coli follows a concentra-
tion-dependent inclination towards the added Cys [47]. Therefore,
it can be well established that, the Cys addendum is the key factor
in the reduction of antibacterial capacity; and the concentration of
added Cys should reach a particular level for an efﬁcient interfer-
ence in the antibacterial efﬁcacy of CdTe@Cys QDs.
Further investigations were carried out with respect to the color
variation of CdTe@Cys QDs solution to that of the externally intro-
duced additional Cys. Primarily, the as-synthesized CdTe@Cys QDs
solution was colorless but after the addition of Cys it turned into
red. This phenomenon may be ascribed to the formation of a
new complex by the introduction of additional Cys to CdTe@Cys
QDs. A relatively lower oxidative ability was discernible in the case
of Cys reactivated CdTe@Cys QDs and thus cause only a meager
amount of damage to the bacteria, when compared to that of the
bare CdTe QDs and CdTe@Cys without introduction of additional
Cys. Also, in vitro efﬁcacy of extra Cys was examined by cell viabil-
ity assay using a human cervical cancer HeLa cell line (Fig. S4).
In this work, we substantiated the enhanced proliferation sta-
bility in the living cells as a function of additional Cys concentra-
tions. As the concentration of additional Cys increased, an
increase in absorbance was noted. It gives a clear picture of the
increased levels of living cells than at a Cys concentration of
0 mg/mL. When the concentration of Cys was 5 mg/mL, an
enhanced stability was observed. The results obtained from both
the bio-stability studies namely the antibacterial test and MTT
assay are in good agreement with each other in terms of the viabil-
ity of the bacteria and living cells. The Cytotoxicity factor related to
the cadmium metal ion has been eliminated. The presence of
excessive Cys gives rise to the formation of complex via thiolate
coordination between the cysteine residues and cadmium ions.
The presence of additional Cys are extremely competent in the
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mium toxicity was increased in vivo [48]. All these facets namely
the disappearance of antibacterial effect and the sharp improve-
ment in cell viability reveals the reduction in toxicity.3.3.2. CdTe@Cys QDs labeled E. coli cells
Confocal microscopic images also demonstrated an enhance-
ment in the ﬂuorescence intensity by the addition of Cys to that
of the labeled bacterial cells. Initially, the pretreated E. coli cells
were labeled with both the samples namely the pristine CdTe@Cys
QDs and additional Cys introduced CdTe@Cys QDs based on an ear-
lier reported procedure [34]. Lysozyme plays a signiﬁcant role in
the membrane ﬂuidity and permeability of the cell membrane
and thus promotes the QDs to enter into cells for labeling
[35,40]. When E. coli cells were treated with the pristine CdTe@Cys
QDs, an absence of ﬂuorescence was observed in the bacterial cells.
On the other hand, when the E. coli cells were subjected to treat-
ment by the additional Cys introduced CdTe@Cys QDs an enhance-
ment in the ﬂuorescence was observed and this may be attributed
to the introduction of additional Cys molecules (Fig. 5).4. Conclusions
In summary, we have successfully demonstrated a novel
method for the reactivation of degenerated FL intensity along with
the reduction in antibacterial activity of CdTe@Cys QDs using addi-
tional Cys supplementation. The inﬂuence of precursor’s ratio, pH
value and concentrations of additional Cys were studied systemat-
ically and optimized. Along with an enhanced chemical stability a
strong FL intensity was recorded at a pH value of 8. It was inferred
that an additional Cys is required for CdTe@Cys QDs samples to
bring about the requisite enhancement in FL intensity when com-
pared to the pristine CdTe@Cys QDs. Additionally, an impeded
cytotoxicity of CdTe@Cys QDs was discernible due to the introduc-
tion of additional Cys. Addition of the higher concentration of Cys
plays a vital role in the enhancement of the bacterial activity of
CdTe@Cys QDs and cell viability. Antibacterial studies, conﬁrmed
that the addition of Cys at a concentration greater than 18 ng/mL
have restricted the antibacterial effect. Cell viability studies also
conﬁrm the reduction in cytotoxicity at a concentration greater
than 5 mg/mL of additional Cys. Confocal microscopic images also
proved its efﬁciency. All these results provided signiﬁcant evi-
dences for it to be utilized as an efﬁcient labeling agent for the tar-
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